Leonurine • ATP-binding cassette transporter A1/G1 • Peroxisome proliferator-activated receptor γ • Liver X receptor • Cholesterol efflux • Atherosclerosis Abstract Background/Aims: Previous studies have demonstrated that leonurine, a unique alkaloid compound of Herba leonuri, can exert anti-oxidative and anti-inflammatory effects on the development of atherosclerosis (AS). This study was designed to investigate the effects of leonurine on cholesterol efflux from THP-1 macrophage-derived foam cells and development of atherosclerotic lesions in apoE -/-mice, and further determine the potential mechanisms. Methods: Human THP-1 cells were fully differentiated into foam cells by the pre-treatment with phorbol-12-myristate-13-acetate (PMA) and oxidized density lipoproteins (ox-LDL). After cells were incubated with various concentrations of leonurine, Oil Red O staining and high-performance liquid chromatography (HPLC) assays were utilized to detect cellular lipid accumulation and cholesterol content, respectively. Cellular cholesterol efflux was determined by liquid scintillation counting. The mRNA and protein levels of ATP-binding cassette transporter A1/G1 (ABCA1/G1), peroxisome proliferator-activated receptor γ (PPARγ) and liver X receptor α (LXRα) in foam cells were assessed using real-time quantitative PCR (RT-qPCR) and western blot analyses, respectively. Plasma triglyceride (TG), total cholesterol (TC), highdensity lipoprotein-cholesterol (HDL-C) and low-density lipoprotein-cholesterol (LDL-C) levels in apoE -/-mice were evaluated using enzymatic methods. The atherosclerotic lesion sizes and collagen contents in aortic roots were determined by Oil Red O and Masson's trichrome staining, respectively. Results: Oil Red O staining and liquid scintillation counting assays showed that leonurine significantly inhibited lipid accumulation and promoted 3 H-cholesterol efflux in human THP-1 macrophage-derived foam cells in a concentration-dependent manner.
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Introduction Cardiovascular disease (CVD) is one of the leading causes of deaths around the world, the fundamental pathological basis of which is atherosclerosis (AS) [1] [2] [3] . The accumulation and deposition of macrophage-derived foam cells in vessel walls are the major feature in the progression of AS [4] [5] [6] . It has been well established that ATP-binding cassette transporter A1/G1 (ABCA1/G1) play a critical role in promoting cellular cholesterol efflux and regulating lipid metabolism [7] . Studies using ABCA1
-/-or ABCG1 -/-cells as well as animals have shown that down-regulation of ABCA1 or ABCG1 expression decreases cellular cholesterol efflux and increases lipid accumulation [8] [9] [10] . ABCA1 and ABCG1 are rate-limiting factors of highdensity lipoprotein (HDL) assembly and the expression of ABCA1/G1 can be modulated by a large network of transcriptional and post-transcriptional factors [11] .
Herba leonuri (HL) is a traditional Chinese herbal medicine, which has been widely used for the therapy of many disorders for many years, including gynecological disorders, menstrual disorders, and dysmenorrhea [12, 13] . Recently, it has been identified that leonurine, a natural alkaloid extract of HL, can attenuate atherogenesis through its antioxidative and anti-inflammatory properties, thus playing beneficial roles in CVD [14] [15] [16] . Zhang et al. [17] found that in hypercholesterolemic rabbits, leonurine can abate atherogenic process dose-dependently through the diminution of macrophage infiltration and smooth muscle cell (SMC) migration as well as the reduction of the expression of some cytokines, adhesion molecules, and chemokines. Liu's studies suggested that in human umbilical vein endothelial cells (HUVECs), leonurine can inhibit tumor necrosis factor-α (TNF-α)-induced HUVEC-monocyte interaction and decease the levels of vascular cell adhesion molecule 1 (VCAM-1), intercellular cell adhesion molecule-1(ICAM-1), cyclooxygenase-2 (COX-2), and monocyte chemotactic protein 1 (MCP-1) via repressing reactive oxygen species (ROS)-activated p38 mitogen-activated protein kinase (MAPK)/nuclear transcription factor (NF-κB) pathway [18] . Another study [15] established that leonurine can prevent the H 2 O 2 -induced apoptosis of H9c2 cells by activating c-Jun N-terminal kinase 1/2 (JNK1/2) and improving mitochondrial dysfunction. However, whether leonurine is associated with cellular lipid accumulation and cholesterol metabolism is still unknown. Given that ABCA1 expression can be modulated by some pro-inflammatory factors and naturally occurring triterpenoids via the NF-κB signaling pathway [19, 20] , it is possible that leonurine regulates the ABCA1/ G1 levels. Our results demonstrated that leonurine can enhance the expression of ABCA1/ G1 and ABCA1/G1-mediated cholesterol efflux in THP-1 macrophage-derived foam cells in a peroxisome proliferator-activated receptor γ (PPARγ)/liver X receptor α (LXRα) pathwaydependent fashion, likely contributing to its alleviation of atherogenesis in apoE -/-mice.
Materials and Methods

Cell culture and treatment
Human THP-1 cells were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), and cultured in RPMI-1640 medium containing 0.1% nonessential amino acids, 
Western Blot Analysis
Cells or murine tissues were collected for protein extraction and detection of ABCA1, ABCG1, PPARγ and LXRα, as described previously [21] . The concentration of proteins was measured using a BCA protein assay kit (CWBIO, Peking, China). Proteins (20 μg per lane) were loaded on a 8% SDS-polyacrylamide electrophoresis gel (SDS-PAGE, Solarbio Co, Peking, China), electrophoresed at 100 V for 2 h in gel running buffer for separation, and subsequently transferred to 0.45 μm polyvinylidene fluoride membranes (PVDF, Merck Millipore, Darmstadt, Germany). The efficiency of protein transfer was assessed by Li Chunhong S staining (CWBIO, Peking, China). Thereafter, membranes were blocked using 5% fat-free milk dissolved in Tris-buffered saline with Tween-20 (TBS-T) for 4 h at room temperature and then incubated with primary antibodies against ABCA1 (1:1, 000, ab7360, Abcam, Cambridge, UK), ABCG1 (1:1, 000, ab52617, Abcam, Cambridge, UK), PPARγ (1:1, 000, ab178860, Abcam, Cambridge, UK), LXRα (1:1, 000, ab176323, Abcam, Cambridge, UK) and β-actin (1:1, 000, ab8227, Abcam, Cambridge, UK) at 4°C with gentle shaking overnight. After a series of rinses, membranes were further incubated with a peroxidase-conjugated secondary antibody (1: 5, 000, B8895, Sigma-Aldrich) in TBS-T for 2 h at room temperature. Finally, proteins were visualized using a chemiluminescence method (enhanced chemiluminescence Plus Western Blotting Detection System; Amersham Biosciences, Foster City, CA) and the protein levels were evaluated semiquantitatively using Quantity One software.
RNA Extraction and Real-time PCR (RT-PCR)
RT-PCR analysis was performed as previously described [22, 23] . Briefly, total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions and cDNA fragments (2 μg) were obtained by reverse transcription of RNA (1 μg) using a TaqMan Reverse Transcription Reagents Kit (Applied Biosystems). PCR analysis was conducted on a Roche Light Cycler Run 5.32 Real-Time PCR System with SYBR Green detection chemistry. The primers used were as follows: ABCA1 sense, 5'-TGTCTCGTATTGTCTGCGG-3' and anti-sense, 5'-GGGCTTTGTAGTTGTTGTCCT -3'; ABCG1 sense, 5'-GGTGGTCTCGCTGATGAAAG-3' and anti-sense, 5'-CTGCTGGGTTGTGGTAGGTT-3'; LXRα sense, 5'-ACACCTACATGCGTCGCAAG-3' and anti-sense, 5′-GACGAGCTTCTCGATCATGCC-3'; PPARγ sense, 5'-TGGAATTAGATGACAGCGACTTGG-3' and anti-sense, 5'-CTGGAGCAGCTTGGCAAACA-3'; β-actin sense, 5'-ATCGTGCGTGACATTAAGGAGAAG-3' and anti-sense, 5'-AGGAAGGAAGGCTGGAAGAGTG-3'. All RT-PCR products were assessed by melt curve analyses, in which DNA duplexes were identified. Measurements were quantified using the ΔΔ Ct method and β-actin expression was used as the internal control.
Cholesterol Efflux Assays THP-1 cells (1×10 6 cells/well) were cultured and differentiated as indicated above, and radiolabeled with 5 μCi/ml 3 H-cholesterol (PerkinElmer, America). Then, the media were supplemented with different concentrations of leonurine for another 24 h. After washed twice with phosphate-buffered saline (PBS), cells were cultured in RPMI 1640 supplemented with 0.2% (w/v) BSA and human apoA-I (10 μg/ml, Sigma) or HDL (50 μg/ml, Sigma), as lipid acceptors. 6 h later, liquid scintillation counting was used to measure the 3 H-cholesterol level in cells and medium, respectively. The percent efflux was quantified according to the following equation: [total media counts/(total media counts + total cellular counts)]×100% [24, 25] .
Oil Red O staining
Oil Red O staining of THP-1 macrophage-derived foam cells was conducted as described previously [26] . Briefly, after human THP-1 cells were seeded into 6-well plates (1.0×10 6 cells/well) and fully differentiated, cells were washed with PBS for several times and fixed in 4% paraformaldehyde (dissolved in PBS) for 10 min. Thereafter, macrophages were rinsed with 60% isopropanol and stained with 0.3% Oil Red O (dissolved in 60% isopropanol, Yiyuan Biotechnologies, Guangzhou, China) for 10 min and then rinsed with 60% isopropanol again. Then, Gill III hematoxylin (Sigma) was used to counterstain the cells for 5 min. Following a series of rinses with double-distilled water, photographs of stained macrophages were obtained using a microscope at 40× magnification.
High-Performance Liquid Chromatography (HPLC) Assay
The protocols of HPLC assay were as follows: After cells were rinsed with PBS for several times, approximately 1 ml of 0.5% NaCl was added to 100-200 μg cellular proteins per ml. Then, an ultrasonic processor was used to sonicate the cells for 3 min. The concentration of proteins in cell solution was determined using a BCA kit. An equivalent bulk of freshly prepared cold KOH (-20 °C, dissolved in 150 g/L ethanol) was supplemented. Cell lysates were vortexed repeatedly until it was clear. An equivalent volume of isopropanol: hexane 2:3 (v/v) was then added. After the mixture was vortexed for 3 min, it was centrifuged at 800 rpm at 15°C for 7 min. The extraction procedure was repeated for three times. Then, approximately 0.1 ml of aliquot cell solution (containing 5~20 μg protein) was utilized to detect total cholesterol (TC) and another aliquot for free cholesterol (FC) measurement. Isopropanol was used to dissolve FC (1 mg cholesterol/ml), which was then kept at -20°C as a stock solution. By diluting the cholesterol stock solution, cholesterol standard calibration solution (0~40 μg cholesterol/ml) was prepared.
Subsequently, 10 μl reaction mixture (including 5% NaCl, 10 mM dithiothreitol, 500 mM Tris-HCl (pH 7.4), and 500 mM MgCl 2 ) was added to 0.1 ml of each sample (cell solutions, or cholesterol standard calibration solutions). Each tube was supplemented with 0.4 unit of cholesterol oxidase in 10 μl 0.5% NaCl for FC determination, or 0.4 unit of cholesterol oxidase and 0.4 unit of cholesterol esterase for TC assessment. The reaction process was performed at 37°C for 30 min and stopped by adding 100 μl of ethanol: methanol (1:1) to each tube. To allow protein precipitation, each tube was kept in cold environment for 20 min, and then centrifuged at 15°C at 1500 rpm for 10 min. Then, the supernatant (10 μl) was transferred onto a System Chromatographer (PerkinElmer Inc.), including a pump, a PerkinElmer series 200 UV/vies detector, a PerkinElmer series 600 LINK, a PerkinElmer series 200 vacuum degasser, and a Discovery C-18 HLPC column (Supercool Inc.). The elution of the column was performed using isopropanol: n-heptane: acetonitrile (35:13:52) at a flow rate of 1 ml/min for 10 min. Data were assessed using TotalChrom software from PerkinElmer with absorbance at 216 nm [14] .
Small interfering RNA
Human THP-1 macrophages (1×10 6 cells/well) were transfected with small-interfering RNA (siRNA) specific for LXRα (Santa Cruz Biotechnology, sense, 5'-GGCUGCAAGUGGAAUUCAUT T-3'; anti-sense, 5'-AUGAAUUCCACUUGCAGCCTT-3' and PPARγ (Santa Cruz Biotechnology, sense, 5'-GGAUGCAAGGGUUUCUUCCTT-3'; anti-sense, 5'-GGAAGAAACCCUUGCAUCCTT-3') using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Then, western blot analysis was conducted to evaluate the transfection efficiency.
Mice and Treatments
ApoE -/-mice (male, eight-week old) were purchased from Laboratory Animal Center of Peking University, China. After fed a chow diet for 2 weeks, apoE -/-mice were randomly divided into several groups (n=15/group). Mice in the leonurine group were intragastrically administered with leonurine (10 mg/kg/d) every day and continued for 8 weeks. The control group was fed with an equal volume of PBS. At week 16, mice were euthanized, followed by collecting the blood and tissue samples for further analyses.
The investigation strictly obeyed the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised in 1996) and Care and Use guidelines for experimental animals of University of South China. The investigation procedure was approved by the Animal Ethics Committee of University of South China. To minimize sufferings, sodium pentobarbital anesthesia was performed prior to all surgeries.
Lipid Analyses
Mice were fasted overnight and sacrificed. Then, blood samples were obtained from the retro-orbital plexus. Plasma levels of TC, TG, HDL-C and LDL-C were measured by enzymatic methods using commercial test kit (Shanghai Rongsheng Biotech Inc. Shanghai, China).
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Assessment of Aortic Lesions
Hearts and the proximal aortas were dissected and fixed in formalin. Under and parallel to the leaflet, hearts were cut directly, and the upward section was kept in OCT medium and stored at 4°C. Then, eight μm thick segments were obtained through the cleavage of aortic sinus. Twenty or more segments from each mouse were stained with Oil Red O and Masson's trichrome (MT) (Senbeibio, China) to identify lesion areas and collagen contents, respectively. Atherosclerotic lesions and collagen contents were determined using IMAGEPRO PLUS (Media Cybnetics, Silver Spring, MD). Values were presented as lesion size ± SEM [14] .
Statistical Analysis
Data were obtained from at least three independent experiments and expressed as means ± standard deviation (SD). The results were analyzed by the Student's t-test using the SPSS 13.0 software. Statistical significance was taken as p< 0.05.
Results
Effects of leonurine on lipid accumulation and cholesterol efflux in human THP-1 macrophages
The development of AS is characterized by the deposition of foam cells within vessel walls [27] . Firstly, we evaluated the effects of leonurine on lipid accumulation, contents and cholesterol efflux from THP-1 macrophage-derived foam cells using Oil Red O staining, HPLC and liquid scintillation counting assays, respectively. After human THP-1 cells were fully differentiated, cells were incubated with different concentrations of leonurine (0, 5, 10, 20, 40, 80 μM) for 24 h. Results showed that treatment of cells with leonurine led to diminution in lipid accumulation (Fig. 1) , cellular cholesterol content, including TC, FC and cholesteryl ester (CE) ( Table  1) , and increase in apoA-I-or HDLmediated cholesterol efflux (Fig.  2) , indicating that leonurine can prevent foam cell formation in a concentration-dependent manner. Table 1 . Effects of leonurine on cholesterol content in THP-1 macrophage-derived foam cells at different concentrations. After THP-1 cells were fully differentiated, cells were treated with different concentrations of leonurine (0, 5, 10, 20, 40, 80 μM) for 24 h. Then, HPLC analysis was performed to determine cellular TC, FC and CE levels. All results were obtained from three independent experiments, each performed in triplicate. Data were expressed as means ± SD. *P <0.05 vs 0 μM group. TC, total cholesterol; FC, free cholesterol; CE, cholesteryl ester; * compared with control group, p < 0.05 
Effects of leonurine on the mRNA and protein levels of ABCA1 and ABCG1 in human THP-1 macrophages It is well known that cholesterol efflux from peripheral cells is mainly mediated by some cholesterol transporters on the cell membrane, including ABCA1 and ABCG1. Next, we examined the effects of leonurine on ABCA1 and ABCG1 expressions to identify the mechanisms by which leonurine regulates lipid accumulation and cholesterol efflux from THP-1 macrophages. Cells (1×10 6 cells/well) were pre-treated with various concentrations of leonurine (0, 5, 10, 20, 40, 80 μM) for 24 h. Then, the mRNA and protein expression levels of ABCA1 and ABCG1 were quantified using RT-qPCR and western blot analyses, respectively. Results showed that leonurine significantly increased the expressions of ABCA1 and ABCG1 Then, apoA-I (10 μg/ml) or HDL (50 μg/ml) were added to the medium as lipid acceptors for another 6 h. Cellular cholesterol efflux was analyzed by liquid scintillation counting assays as described above. All results were obtained from three independent experiments, each performed in triplicate. Data were expressed as means ± SD. *P <0.05 vs 0 μM group. 
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at the mRNA and protein levels in a dose-dependent manner (Fig. 3) , indicating that the positive effects of leonurine on cholesterol efflux from foam cells are attributed to the promotion of ABCA1 and ABCG1 expression.
The role of PPARγ/LXRα signaling in the effects of leonurine on ABCA1/G1 expression and cholesterol efflux in human THP-1 macrophages
Increasing evidence has shown that LXRs can modulate ABCA1 and ABCG1 expression, a process that influences cholesterol efflux and lipid content in macrophages [28, 29] . PPARγ is a common upstream factor of LXRs-induced signaling [30] [31] [32] . Next, we determined whether PPARγ/LXRα pathway is involved in the effects of leonurine on ABCA1/G1 expressions. Our data showed that leonurine potently up-regulated the mRNA and protein expression of LXRα in THP-1 macrophages-derived foam cells in a dose-dependent manner (Fig. 4A-C) . Thereafter, cells were transfected with LXRα siRNA or incubated with LXR agonist T0901317, respectively. As shown in Fig. 4D-F , transfection of macrophages with LXRα siRNA decreased the mRNA and protein levels of LXRα, ABCA1 and ABCG1, and ruled out the enhancement of leonurine on LXRα, ABCA1/G1 expression. Meanwhile, cellular cholesterol efflux from macrophages incubated with the combination of LXRα siRNA and leonurine were potently decreased compared with those treated with leonurine alone (Fig. 6A-B) . Then, we explored # P <0.05 vs leonurine only group. G-I, THP-1 macrophage-derived foam cells were divided into 4 groups and incubated with leonurine (80 μM) and/or T0901317 for 24 h. Then, RT-PCR and western blot analyses were performed. *P <0.05 vs control group. # P <0.05 vs leonurine only group. All results were obtained from three independent experiments, each performed in triplicate. Data were expressed as means ± SD.
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Cellular Physiology and Biochemistry the effects of LXRα agonist T0901317 on the amplification of ABCA1 and ABCG1 expressions. As indicated in Fig. 4G , up-regulation of ABCA1/G1 and LXRα mRNA expression by leonurine were significantly enhanced by the addition of T0901317. Similar results were observed using western blot analysis to detect the protein levels of ABCA1/G1 and LXRα (Fig. 4H-I) . Next, we further detected the effects of PPARγ siRNA on the expressions of ABCA1/ G1 and cholesterol efflux in leonurine-stimulated THP-1 macrophage-derived foam cells. As # P <0.05 vs leonurine only group. All results were obtained from three independent experiments, each performed in triplicate. Data were expressed as means ± SD.
Cellular Physiology and Biochemistry shown in Fig. 5 A-C, leourine can also promote the mRNA and protein expressions of PPARγ in a concentration-dependent manner. Besides, transfection of foam cells with PPARγ siRNA significantly decreased LXRα, ABCA1 and ABCG1 mRNA and protein levels and ruled out the up-regulation of leonurine on LXRα, ABCA1 and ABCG1 expression (Fig. 5D-F ). In line with these results, the enhancement of cellular cholesterol efflux by leonurine was almost fully compensated by transfection with PPARγ siRNA (Fig. 6C-D) . These results indicated that PPARγ/LXRα signaling is involved in the stimulatory effects of leonurine on ABCA1/G1 expression and cholesterol efflux from human THP-1 macrophages.
Effects of leonurine on aortic atherosclerosis
Next, we evaluated the leonurine-induced atheroprotection and the potential mechanisms underlying its atheroprotective effects in apoE -/-mice. As indicated in Fig.7A -F, consistent with the observations in ex vivo experiments, the atherosclerotic lesion sizes were potently diminished in en face preparations of aortic roots in mice treated with leonurine, compared with the control group. Besides, the results revealed that both TG and TC levels in serum, were decreased in leonurine-treated animals. A detailed assessment of the plasma lipoproteins showed a decrease in LDL-C and an increase in HDL-C levels in mice injected with leonurine (Table 2) . Finally, we analyzed the protein levels of PPARγ, LXRα, ABCA1 Fig. 7 . Effects of leonurine on the expressions of ABCA1/G1, LXRα, PPARγ, atherosclerotic lesions, and collagen contents of aortic roots in apoE -/-mice. When apoE -/-mice were 8 weeks old, they were intraperitoneally with PBS or leonurine (10 mg/kg/d) every day for 8 weeks. A and B, representative microscopic images of Oil Red O staining of aortic sinus lesion. Original magnification: ×40. C, quantification of the lesion area of mice (n=15/group). D and E, representative microscopic images of Masson's trichrome staining of aortic sinus lesion. Original magnification: ×40. F, quantification of the collagen contents of mice (n=15/group). Data were expressed as means ± SEM. G and H, ABCA1, ABCG1, LXRα and PPARγ levels were measured in the homogenate of aortic arch by western blot. *P <0.05 vs control group. Values are mean ± SD (n =3/group).
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Cellular Physiology and Biochemistry and ABCG1 in the tissue homogenate of aortic roots using western blot analysis. The results showed that the expressions of PPARγ, LXRα, ABCA1 and ABCG1 were significantly increased in the aortic roots of leonurine-challenged mice compared with control mice (Fig. 7G-H) . These outcomes suggest that leonurine impedes aortic lipid accumulation and regulates plasma lipoprotein cholesterol levels via promoting PPARγ/LXRα-induced ABCA1 and ABCG1 expression.
Discussion
In the present study, we explored the atheroprotective effects of leonurine and the underlying mechanisms by which leonurine affects lipid accumulation and cholesterol efflux from THP-1 macrophages-derived foam cells and further atherogenesis in apoE -/-mice. The results showed that leonurine promotes macrophage ABCA1 and ABCG1 expression in a PPARγ/LXRα signaling-dependent manner and stimulates ABCA1/G1-mediated cholesterol efflux from macrophage foam cells, leading to a diminution in cellular lipid and cholesterol accumulation. Moreover, leonurine remarkably decreased lipid deposition and atherosclerotic lesion sizes in aortic roots of apoE -/-mice. Fig. 8 is a graphic description of the mechanisms.
It is well received that the formation of atherosclerotic lesions, which is featured by mass deposition of macrophages-derived CE-rich foam cells within the arterial wall, is a major risk factor for atherogenesis [33, 34] . The abnormal homeostasis of cellular cholesterol is responsible for the development of AS. ABCA1 and ABCG1 are key cholesterol transporters that mediate the efflux of cellular phospholipids and FC to extracellular acceptors, resulting in HDL formation [35] . Here, our data extended a novel mechanism of the beneficial effects of leonurine on the progression of CVD. We identified that leonurine enhanced the expression of ABCA1 and ABCG1 and increased cholesterol efflux from THP-1 macrophage-derived foam cells. Besides, cellular cholesterol and CE levels were down-regulated in leonurinetreated macrophages. These findings suggest that leonurine-induced promotion in cellular cholesterol efflux is mainly ascribed to amplified expression of ABCA1 and ABCG1.
Leonurine (SCM-198) is the bioactive phenolic alkaloid ingredient of HL, which is generally called as "Yi-Mu-Cao". A large body of evidence has indicated that leonurine is effective in preventing many disorders through many ways, including stoke [36] , chronic myocardial infarction [16, 37] and acute kidney injury [38] . Yuan et al. [39] found that leonurine hydrochloride (LH), an artificial chemical compound sharing the similar structure of leonurine, can protect against osteoclast-related diseases via inhibiting receptor activator NF-κB ligand (RANKL)-TNF receptor-associated factor 6 (TRAF6) and phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathways. Hong et al. [40] reported that leonurine can decrease the levels of TNF-α, nitric oxide (NO), IL-6 and interleukin-1β IL-1β) by inhibiting the activation of c-Jun N-terminal kinase (JNK) and NF-κB, thus preventing microglial overactivation in rats. They also established that SCM-198 can enhance neuronal survival by stimulating brain-derived neurotrophic factor (BDNF)/tropomyosin-related kinase(TrkB)/ cAMP-response element-binding protein (CREB) signaling in amyloid-β protein precursor and presenilin-1(AβPP/PS1) double-transgenic mice and therefore it might be used for Alzheimer's disease (AD) treatment [41] . Besides, Cheng et al. [42] identified leonurine as a candidate renoprotective remedy for the treatment of renal fibrosis by blocking the tumor growth factor (TGF-β)/Smad3 and NF-κB pathway. Hitherto, many pharmaceutical studies [12, [43] [44] [45] [46] . Our previous research has demonstrated that betulinic acid (BA) can promote ABCA1 expression and cholesterol efflux via inhibiting NF-κB signaling and microRNA (miR)-33s [20] . These observations make us wonder whether leonurine can prevent atherogenesis through maintaining cellular cholesterol homeostasis. Our present study showed that treatment of lipid-loaded macrophages with leonurine significantly decreased lipid content and alleviated excessive cholesterol accumulation by amplifying ABCA1 and ABCG1 expression in concentration-dependent manner, supporting the beneficial role of leonurine in atherogenesis. LXRα belongs to the LXR subfamily, which is closely associated with cholesterol and lipid metabolism, lipogenesis and carbohydrate metabolism [47] . Costet et al. [48] observed that the promoter activity of ABCA1 was increased in a sterol-responsive fashion after lipid-laden macrophages were cotransfected with LXRα/RXR. Further data identified approximately four nucleotides of the ABCA1 promoter (from -70 to -55 base pairs) as a binding site for LXRα/RXR. When this element was mutated, the augmented ABCA1 promoter activity induced by LXRα/RXR was abolished, suggesting that ABCA1 is one of the LXRα target genes. Furthermore, LXRα agonists can up-regulate the expression of ABCA1 and inhibit the differentiation of macrophages into foam cells by promoting cellular cholesterol efflux [48] [49] [50] [51] [52] . Similarly, LXRα activation can increase the transcription levels of ABCG1 in macrophages [51, 53] , adipose tissue and liver [54, 55] . Many intervention studies in murine models have provided proofs that LXRα activators have the potential uses in AS. Treatment of either apoE -/-or LDLR -/-mice with LXRα agonist can reduce the lesion development to approximately 50% [56] . Further experiments showed that chronic administration of LXRα ligands can change the lipoprotein profile of these transgenic mice, indicating that the beneficial effects of LXRα ligands on cells of the artery wall are also involved in atheroprotection. In consistency with these observations, LXRα agonist was able to magnify the expression of ABCA1 and ABCG1 in the atherosclerotic aortas of apoE -/-mice [56] . In this study, we found that the leonurine can remarkably enhance LXRα levels in THP-1 macrophages-derived foam cells, and transfection of cells with LXRα siRNA abolished the positive effects of leonurine on ABCA1 and ABCG1 expression as wells as the cholesterol efflux. Similar results were also observed in leonurine-treated apoE -/-mice, suggesting that LXRα is involved in the leonurineinduced atheroprotection.
In liver, macrophages, adipose tissue and muscle, LXRα expression was modulated by nuclear receptors, particularly PPARs. PPARγ is the key sensor of cellular fatty acids and sterol and plays critical roles in lipid homeostasis and inflammation in atherogenesis [57] . It is highly expressed in macrophage-derived lipid-rich foam cells of atheromatous lesions [58] . Tontonoz et al. [59] found that PPARγ contributes to the formation of foam cells by stimulating CD36 expression and ox-LDL uptake. Additionally, two components of oxLDL, 9-and 13-HODE have been identified as PPARγ ligands [60, 61] . In the aorta of LDL -/-male mice injected with PPARγ specific agonists, however, plasma HDL levels were enhanced and the formation of atheromatous lesions was potently impeded despite the augmentation in CD36 expression [62] . Further analyses showed that PPARγ can induce the expression of 
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Cellular Physiology and Biochemistry ABCA1 and ABCG1 and promote cholesterol efflux from macrophages by targeting LXRα. Thus, PPARγ seems to modulate both cholesterol influx and efflux for macrophages. Many studies have identified that PPARγ agonists can induce LXRα expression in human and murine macrophages [63] . Accordingly, PPARγ/LXRα signaling pathway is critical for the maintenance of lipid and glucose homeostasis, especially through the regulation of ABCA1/ G1 expression. Chawla et al. [32] reported that the absence of macrophage PPARγ-LXRα-ABCA1 pathway disrupts cholesterol efflux and aggravates atherogenesis in vivo. Ikhlef et al. [64] determined that oxLDL-paraoxonase 1 (PON1) potently amplified cholesterol efflux through the PPARγ-LXRα-ABCA1/G1 pathway in J774 macrophages compared to ox-LDL alone. Besides, salvianolic acid B (Sal B) can also promote the efflux of excess cellular cholesterol from THP-1 cell lines by activating the PPARγ-LXRα-ABCA1 pathway [65] . Consistent with these experiments, He et al. [66] observed that baicalin, a pharmaceutical extract from another Chinese herbal medicine, Scutellaria baicalensis, was able to alleviate lipid accumulation in macrophage-derived foam cells via stimulating the PPARγ-LXRα-ABCA1/G1 pathway. Our study showed that leonurine can stimulate PPARγ expression in THP-1 macrophages-derived foam cells and in aorta roots of apoE -/-mice. Moreover, transfection with PPARγ siRNA into cells significantly ruled out the stimulatory effects of leonurine on the expression of LXRα, ABCA1 and ABCG1 as well as 3 H-cholesterol efflux. These results suggest that leorurine can exert atheroprotective effects through the PPARγ-LXRα-ABCA1/G1 pathway
In conclusion, our experiments, for the first time, provide evidence that leonurine can impede atherogenesis by relieving lipid accumulation and facilitating cholesterol efflux in lipid-laden macrophages, a process that is mediated by PPARγ-LXRα-ABCA1/G1 signaling pathway. These findings may extend a molecular basis for the identification of leonurine as a novel pharmacological agent for the prevention and treatment of AS.
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